Canine hearts were isolated 6 hours, 24 hours, 3 days, 6 days, and 4 weeks after coronary artery ligation and were perfused with blood from support dogs. Electrograms were recorded from Purkinje fibers in the infarcted zone and from Purkinje fibers and ventricular muscle in noninfarcted areas. Administration of 2.5 mEq of KC1 into the coronary circulation of the infarcted hearts abolished noninfarcted zone electrograms within 2-8 seconds, indicating rapid delivery of a high concentration of K + to areas receiving normal coronary blood flow. Intracoronary KC1 had little or no effect on the infarct zone Purkinje fiber electrograms recorded from hearts with 6-hour infarcts, indicating very low or absent coronary flow. In 24-hour infarcted hearts, intracoronary KC1 depressed the amplitude of most infarct zone Purkinje fiber electrograms but did not abolish them, suggesting some return of capillary flow by this time. Most infarct zone Purkinje electrograms in older (3-day to 4-week) infarcts were rapidly abolished after intracoronary KC1, suggesting that capillary flow returned to normal. Thus, the very low or absent blood flow to subendocardial Purkinje fibers 6 hours after infarction may cause the abnormalities in their transmembrane potentials which have previously been reported, and the return of blood flow with time may be responsible for the return of infarct zone Purkinje fiber transmembrane action potentials to normal. In addition, KC1 administered into the left ventricular cavity abolished electrical activity in the subendocardial Purkinje fibers but did not alter the ectopic ventricular rate or rhythm of hearts with 6-hour infarcts, and abolished the ventricular arrhythmia in only one of the three hearts with 24-hour infarcts, indicating that some of the delayed ventricular arrhythmias after coronary occlusion arise from sites other than the subendocardial Purkinje system.
TWENTY-FOUR hours after ligation of the left anterior descending coronary artery in the dog, the Purkinje fibers that survive on the endocardial surface of the infarct have abnormal transmembrane potentials and may cause much of the ventricular ectopic activity occurring at that time (Friedman et al., 1973a (Friedman et al., , 1973b Lazzara et al., 1973; Horowitz et al., 1976) . Several days after ligation, transmembrane potential characteristics of these fibers begin to return toward normal and ventricular arrhythmias subside Friedman et al., 1975) .
Purkinje fibers may survive on the endocardial surface of infarcts, either because they receive oxygen and nutrients directly from the ventricular cavity blood or because their capillary blood supply persists after coronary occlusion, possibly because it is derived at least in part from coronary arteries other than the occluded one. The initial transmembrane potential changes may be the consequence of ischemia but, if they are, the return of transmembrane potentials toward normal suggests that either the fibers somehow adapt to the ischemic conditions or that ischemia eventually subsides, perhaps because of a return of coronary blood flow through collaterals. Some of these questions might be resolved by determining the status of the capillary blood supply to the Purkinje fibers with time after coronary occlusion.
Determining capillary blood flow to the subendocardial Purkinje fibers presents a unique technical problem. Standard techniques to estimate regional coronary blood flow such as the distribution of radioactive microspheres (Yipintsoi et al., 1973; Utley et al., 1974) or the clearance or uptake of radioactive diffusible "tracer" substances (Yipintsoi et al., 1973) are not feasible. The irregular mass of Purkinje tissue which must be separated to quantify the presence of microspheres or tracer substances is difficult to dissect from the adjacent, necrotic ventricular muscle. Furthermore, because of the low capillary density in the Purkinje network (Wearn, 1928) and the reduced subendocardial blood flow after coronary occlusion (Becker et al., 1971; Cohn et al., 1973; Rivas et al., 1976) , it is unlikely that a sufficient number of microspheres would be present to allow accurate flow determination (Buckberg et al., 1971 ).
In the present study, we have devised a method whereby the functional status of capillary blood flow to the subendocardial Purkinje fibers after coronary occlusion could be estimated. Potassium chloride (KC1) was injected into the coronary arteries of isolated, infarcted canine hearts, perfused by blood from a support dog, and the presence or absence of capillary flow to Purkinje fibers was determined by observing whether the KC1 affected their electrical activity. With this technique we determined (1) that capillary blood supply to the Purkinje fibers is initially abolished by coronary occlusion, and (2) that blood flow is restored with a time course paralleling the recovery of Purkinje fiber transmembrane potentials and the subsidence of ventricular arrhythmias.
Methods

Surgical Production of Myocardial Infarction
Forty-five mongrel dogs of either sex, weighing 12-19 kg, were anesthetized with sodium pentobarbital, 35 mg/kg, iv, intubated with a cuffed endotracheal tube, and ventilated by a positive pressure respirator. A lead II electrocardiogram (ECG) was continuously monitored on a switched-beam oscillographic recorder (Electronics for Medicine . Myocardial infarction was then produced by a two-stage ligation of the left anterior descending coronary artery as originally described by Harris (1950) . The dogs were then allowed to recover from surgery. Antibiotics were given prophylacticaUy if the dog was to be studied more than 1 day after ligation.
Thirty-eight dogs survived the surgery and developed ventricular premature depolarizations and tachycardia after 6-24 hours. These animals then were studied at selected intervals after the coronary occlusion. Eight dogs were studied after 6 hours, 10 after 24 hours, 4 after 3 days, 10 after 6 days and 6 after 4 weeks (27-29 days) . On the day of the study, the dog was again anesthetized with pentobarbital (10-30 mg/kg). An ECG was recorded, using standard limb leads, before and after anesthesia. The infarcted hearts were then isolated and perfused, using a modified Langendorff technique.
The Isolated, Perfused, Infarcted Canine Heart Preparation
The dog with the infarcted heart was anesthetized, ventilated, and the heart exposed through a median sternotomy. A cannula was inserted through the left subclavian artery into the aortic arch and connected to a pressure transducer to record aortic blood pressure. Another cannula was inserted into the brachiocephalic artery with the tip placed in the aortic root about 3 cm above the coronary ostia for subsequent perfusion of the coronary arteries (Fig. 1) . When perfusion began, the descending aorta was ligated just distal to the left subclavian artery. Arterial blood from the femoral artery of an anesthetized 30-to 35-kg support dog was then led into the aortic cannula with the assistance of a peristaltic pump. Venous drainage from the perfused heart, channeled through the superior vena cava, was returned to the cannulated femoral vein of the support dog through appropriate air traps ( Fig. 1 ). Heat exchangers interposed in both arterial and venous lines maintained arterial blood temperature in the aortic root of the perfused heart at 36 ± 1.5°C and rewarmed the venous blood t o 3 4 ± 2°C a s i t was returned to the support animal.
After perfusion began in situ, the isolated heart was removed from the chest and was suspended by umbilical tape from a stand above a plexiglass container which served to funnel the venous outflow of the heart into the return system ( Fig. 1) . The venous cannula in the superior vena cava was removed so that venous drainage dripped over the entire surface of the heart and kept the epicardial surface moist. A residual volume of blood was contained in the left ventricular cavities of these hearts at all times, and this volume of blood usually remained fairly constant throughout the cardiac cycle. Because peak systolic intraventricular pressure was lower than the aortic root pressure (coronary perfusion pressure), blood was not ejected from the left ventricular cavity. Occasionally, end-diastolic volume slowly increased, either from Thebesian drainage or from venous blood dripping from the cut surface of the left atrium through the mitral orifice. When the left ventricular volume increased sufficiently to produce a peak systolic pressure that was higher than the coronary perfusion pressure, some blood from the left ventricular cavity ejected into the aorta. When this occurred, aortic root pressure rose for several beats and then returned to control levels. Venting of the left ventricle was not necessary, because the aortic valve remained competent and distention of the left ventricle was never observed.
During the entire isolation procedure, coronary blood flow was never interrupted; thus the heart was never subjected to ischemia. The isolated hearts were perfused at a constant pressure of 90-110 mm Hg.
Electrophysiological Recordings
Electrical activity was recorded simultaneously from two or three endocardial sites in the infarcted region and from one or two sites in the noninfarcted VOL. 44, No. 3, MARCH 1979 An Trap FIGURE 1 Diagram of the system used to perfuse the isolated heart. Arterial blood is indicated by stippling; venous blood is indicated by dark shading. See text for detailed explanation.
zones of the left ventricle with Teflon-coated, stainless steel, bipolar hook electrodes, 10 mil (0.01 inch) in diameter. Infarct zone electrograms were recorded from the lower half of the anterior papillary muscle, the lower anterior paraseptum, and the apex. These endocardial areas were unequivocally infarcted, as indicated by their characteristic discoloration and by histological examination. Electrical activity recorded from the infarcted regions was from surviving Purkinje fibers, as indicated by the morphology of the electrogram which was identical to what has been previously described for Purkinje fibers in the in situ infarcted heart (Cox et al., 1973; Friedman et al., 1973a; Scherlag et al., 1974; Horowitz et al., 1976) . Local activity in the infarcted region appeared as a spike or notch with an amplitude of 0.005 to 1.0 mV and a duration of 1 msec or less, preceding or superimposed on a slow wave or cavity potential ( Fig. 2) . At most infarcted sites, no local ventricular muscle activity was present. After termination of the experiment, tissue around the recording sites was processed for either histology or electron microscopy by techniques previously described (Friedman et al., 1975) to confirm that only Purkinje fibers survived in the region studied.
Noninfarcted zone subendocardial electrograms were recorded from the endocardial surface of the upper posterior papillary muscle, the basal posterior paraseptum, and the upper posterior third of the free wall. They were 3-12 mV in amplitude, 2-10 msec in duration, and coincided with the QRS deflection of the atrioventricular electrogram (see below). Therefore, they represented depolarization of ventricular muscle (Fig. 2 ). Occasionally, a spike or notch occurred that just preceded the ventricular muscle electrogram during both sinus and ventricular beats. These early spikes in noninfarcted zone electrogram complexes had amplitudes of 0.5-3.0 mV and durations of less than 1 msec, and represented depolarization of subendocardial Purkinje fibers . Histological and electronmicroscopic studies showed that the structural architecture of the subendocardial Purkinje network as well as of the underlying myocardial cell layers was normal.
A five-terminal plaque electrode was sutured to the epicardium on the right atrium and another on the right ventricle. A local bipolar electrogram was recorded from two terminals of the right ventricular plaque, and a second electrogram, which served as an electrocardiogram, was recorded between one terminal each of the right atrial and the right ventricular plaque. This atrioventricular electrogram was used to monitor heart rate and rhythm. The signals were led into the amplifier units of an Electronics for Medicine DR-12 oscillographic recorder. In most experiments, the maximal bandwidth of the DR-12 amplifiers was used (0.1-2000 Hz for an EEP, 0.1-2500 Hz for a VCG module) to record subendocardial electrograms. Data were stored on half-inch FM tape, using an eight-channel Hewlett-Packard recording system (model 3955), operating at 3% inches per second.
Experimental Procedure to Estimate Presence or Absence of Coronary Blood Flow to Subendocardial Purkinje Fibers in Infarcts
KCI solution was injected into the coronary circulation of the isolated heart to determine whether coronary blood flow to the subendocardial Purkinje fibers overlying the infarct was present or absent. We reasoned that if coronary blood flow was present to the infarcted subendocardial region, the exogenous potassium (K + ) would be delivered to this region and would markedly alter or abolish the Purkinje fiber electrograms. Alternatively, if blood flow was absent or very low, no change in the electrograms would occur.
A 2.5-mEq bolus of KCI (2.5 ml of 1 M solution) was injected into the arterial perfusion line, at a site 40 inches from the tip of the cannula in the aortic root. Continuous recordings of noninfarcted zone and ischemic zone electrograms, cardiac rhythm, and coronary perfusion pressure were taken for 10-30 seconds prior to the KCI injections and for 1-3 minutes after the injection. The KCI exerted its initial effects on cardiac rhythm and electrogram configuration shortly after injection. In most hearts, the initial effect was a depression of the amplitude of the atrioventricular and noninfarcted zone electrograms. Electrogram amplitudes then decreased from one beat to the next and electrograms were abolished either prior to or concomitant with the coarse ventricular fibrillation that occurred 10-20 seconds later. Ventricular fibrillation was quickly terminated, using direct DC countershock with a delivered energy of 6-8 joules. A recovery period of 30 minutes then was allowed after each injection to permit electrogram amplitudes and configurations to return toward control values. Two to seven injections of KCI were made in each preparation using this procedure. This amount of KCI, when recirculated from the perfused heart to the support dog, had no significant effect on the support dog's heart rate, rhythm, or blood pressure. Several hearts arrested very quickly after KCI exerted its initial effects. It therefore was not possible to determine whether the KCI depressed the electrogram amplitudes after the time of arrest.
To determine the effects of the intracoronary KCI on the subendocardial electrograms, the tapes were then played back at 1% inches/sec, on paper VOL. 44, No. 3, MARCH 1979 moving at 100 mm/sec. Each record was divided into two periods, before and after the onset of the KC1 effects. Onset of KC1 effects, occurring in the noninfarct zone electrograms, was designated zero time. Usually, this initial effect was a decrease in amplitude of the atrial component of the atrioventricular electrogram. The amplitude of each subendocardial electrogram in mV for each beat occurring from 5 seconds before time zero (negative numbers) to 15 seconds after time zero (positive numbers) was plotted vs. time of occurrence of each beat to the nearest tenth of a second. Configuration changes of these electrograms that occurred in the absence of significantly diminished amplitude of the local component (Purkinje spike) were assumed to reflect changes in local wavefront of activation and were not indicated in these graphs.
In addition to its electrophysiological effects, injection of KC1 into the aortic root produced a biphasic change in coronary artery resistance. A constrictor effect on the coronary arteries occurred first, evidenced by a transient increase in perfusion pressure. This early constrictor phase began at about the same time as the initial KC1 effects were observed on the electrograms, reached a maximum 5-10 seconds later, and then subsided. It was followed quickly by a phase of dilation evidenced by a fall in perfusion pressure. This dilation phase probably is caused by the hypertonicity of the solution because it could be mimicked by injection of 2.5 ml of 1 M NaCl. The decline of perfusion pressure was transient, reaching a minimal level at 30-60 seconds and returning to control levels by 90-150 seconds.
Measurement of K + Concentration in Aortic Root Blood and Left Ventricular Cavity Blood
In five experiments (four 6-hour infarcted hearts and one 6-day infarcted heart), the K + concentration was determined in the arterial blood entering the coronary arteries after KC1 injection. A 19gauge needle was inserted through the aortic wall just above the coronary ostia for withdrawal of 1to 2-ml blood samples. Samples were taken during the control period, during the early constrictor phase, and during the early and late dilator phase.
At the outset of these studies it was not known whether the KC1 injected into the aortic root would enter the left ventricular cavity blood pool and, if it did, how quickly this would occur. If the cavity blood K + concentration rose quickly, the K + might diffuse into the subendocardial tissues and affect the infarct zone electrograms even in the absence of coronary blood flow. Therefore, we measured K + concentration in left ventricular cavity blood following intracoronary KC1 administration in three 6hour and three 6-day infarcted hearts. The tip of a double lumen catheter was placed in the left ventricular cavity of the isolated heart through the stump of a cut pulmonary vein, and was tied in place. Blood samples were drawn through the inner cannula. The first 0.5 ml was discarded to clear the dead space. Then a 1-to 2-ml blood sample was withdrawn over 8-12 seconds prior to each KC1 injection, and at progressive times after the onset of KC1 effects on electrical activity. K + in the plasma of all samples was analyzed with a flame photometer.
Administration of KC1 into the Left Ventricular Cavity
In 10 experiments, KC1 was administered directly into the left ventricular cavity blood, after it had been injected several times into the aortic root, to determine the accessibility of subendocardial fibers to substances in the cavity and their sensitivity to increases in cavity K + concentration. This was necessary to rule out the possibility that a lack of intracoronary KC1 effect on the infarct zone electrogram (see Results) was due to insensitivity of the surviving cells to K + . Three hearts with 6-hour infarcts, four hearts with 24-hour infarcts, and three hearts with 6-day infarcts were used for these studies. KC1 was injected into the left ventricular cavity through the outer tubing of the double lumen catheter. Graded incremental doses consisting of 0.5, 1.0, 2.0, and 2.5 ml of 100 nun K + Tyrode's solution (the composition of which was described by Friedman et al., 1973a) followed by 0.5, 1.0, 2.0, and 2.5 ml of 1 M KC1 were given to raise K + concentration in the cavity blood in a stepwise manner. The K + concentration in the cavity blood was determined from blood samples withdrawn through the inner catheter 5-15 seconds after each injection of K + solution. The responses of subendocardial electrograms to the intracavity KC1 injections were determined. Recordings were obtained during a continuous 2-to 3-minute period beginning 10 to 30 seconds prior to KC1 injection and continuing 1 to 2Vi minutes after injection. The small volumes of KC1 injected into the ventricular cavity were not expelled into the aortic root and did not mix with blood perfusing the coronary arteries. These injections did not cause changes in amplitude or configuration of epicardial electrograms.
Results
Effects of Isolation and Perfusion of Infarcted Hearts on Their Rate and Rhythm
Changes in rate and rhythm of the hearts induced by isolation and perfusion were of concern, as significant alterations may affect coronary blood flow (Wegria et al., 1958; Badeer and Feisal, 1965; Buckberg et al., 1972; Raff et al., 1972; Brown et al., 1974; Domenech and Goich, 1976; Warltier et al., 1976) and thus influence the interpretation of the data. In addition, we wished to determine whether the isolation procedure altered the electrophysiological characteristics of the heart, and this might be de-tected as changes in rate or rhythm.
Six hours after coronary artery ligation, the dogs had sinus tachycardia and ventricular premature depolarizations. After isolation and perfusion, sinus cycle length increased markedly but the ventricular ectopic cycle length (the interval between ventricular impulses when two or more occurred successively) did not change. As a result, the percentage of sinus beats decreased (Table 1 ). The predominant rhythm of these hearts after isolation was ventricular tachycardia with occasional periods of atrioventricular dissociation. Mean heart rate was essentially the same as that prior to anesthesia when the predominant rhythm was sinus tachycardia.
All dogs studied 24 hours after coronary artery ligation had ventricular tachycardia with variable periods of sinus rhythm prior to anesthesia. Sinus cycle length could be estimated in only six of the dogs in which consecutive P waves occurred. After isolation and perfusion, sinus cycle length prolonged significantly, as did the ventricular ectopic cycle lengths. The percentage of sinus beats after isolation was not significantly different from that prior to anesthesia, although total heart rate slowed (Table 1) .
Dogs with infarcts 3 days, 6 days, and 4 weeks old were mostly in sinus rhythm while unanesthetized, although occasional ventricular premature contractions were seen at 3 days. Isolated hearts in all these groups were entirely in sinus rhythm at a rate comparable to that of the unanesthetized animal (Table 1) .
Effects of Intracoronary and Intracavity KC1 on Subendocardial Purkinje Fiber and Ventricular Muscle Electrograms
K + Concentration in the Aortic Root and Left Ventricular Cavity after Intra-arterial Injection
The control aortic root K + concentration, measured in five experiments, was 4.5 ± 0.6 mEq/liter. After administration of 2.5 mEq KC1 into the arterial perfusion line, K + concentration rose to 83.2 ± 19.0 mEq/liter between 0 and 15 seconds after the onset of KC1 effects on the normal electrograms. Ten to 20 seconds later, the K + concentration had fallen to 60.0 ± 7.2 mEq/liter and by 2-3 minutes had further declined to 6.9 ± 1.6 mEq/liter.
The K + concentration of the blood in the left ventricular cavity was not altered for at least 30 seconds after the onset of intracoronary KC1 effects on the electrograms. Since the electrograms from noninfarcted zones and from many infarcted zones were depressed within 5-15 seconds (see below), a rise in intracavity K + concentration can be ruled out as the causative factor. K + concentrations in the left ventricular cavity blood eventually increased in all hearts 50 to 120 seconds after intracoronary administration.
Hearts with 6-Hour Infarcts
Ventricular muscle electrograms were recorded from a total of 14 noninfarcted endocardial sites in eight experiments. Twenty Purkinje fiber electrograms were recorded from the endocardial surface SCL -mean sinus cycle length; ECL ~ mean ectopic ventricular cycle length; CCL =» mean cardiac cycle length (heart rate); C = conscious dog; P -dog under pentobarbital anestheisa, before surgery; I -isolated heart. Numbers in parentheses indicate the number of experiments used to determine the mean. This table only includes data from hearts from which records were obtained at all three times (C,P,I). In some records from hearts with 6-or 24-hour infarcts, SCL could not be determined and, therefore, data from these hearts are not presented. Mean ECL's were calculated using data only from hearts where ectopic cycle length could be measured both before and after isolation.
* Significantly different from value for conscious dog (P < 0.05). t Significantly different from value for anesthetized dog (P < 0.05). VOL. 44, No. 3, MARCH 1979 of the infarcts. Following intracoronary administration of KC1 solution, the amplitude of the noninfarcted zone ventricular muscle electrograms began to decline rapidly, within 2-4 seconds after zero time (the onset of KC1 effects on the atrioventricular electrogram). Twelve ventricular muscle electrograms were completely abolished by +3 seconds and two were obviously depressed by +3 seconds, but local activity persisted until 7-8 seconds (Figs.  2,3 ). In contrast to this immediate effect on noninfarcted zone electrograms, intracoronary KCl did not significantly alter the amplitude or configuration of 18 of the 20 Purkinje fiber electrograms recorded from the infarct area (Figs. 2, 3) . The remaining two electrograms were depressed by 5-6 seconds and were abolished by 17 and 25 seconds, respectively (Table 2) .
Rhythmic local activity still occurred in the Purkinje fibers overlying the infarct after K + had completely abolished local electrical activity of noninfarcted ventricular muscle and when no atrioventricular electrogram could be detected (Figs. 2, 4) . In four of the hearts, the cycle lengths of the Purkinje fiber activity was the same after KCl injection as the ventricular ectopic cycle length during the control period (Fig. 4) . In three hearts, after KCl, the Purkinje fiber cycle length was either slightly longer or shorter than the ventricular ectopic cycle length.
KCl also was injected into the left ventricular cavity of three hearts with 6-hour infarcts, to determine whether Purkinje fibers which were not affected by intracoronary KCl would be affected if K + was delivered directly over the endocardium. In three experiments, the amplitude of three Purkinje fiber electrograms that were not influenced by prior intracoronary KCl was depressed when the intracavity K + concentration was increased to 8.3 ± 3.0 mEq/liter, and these electrograms were abolished when K + concentration was raised to 12.4 ± 4.4 mEq/liter. Electrograms recorded from the atrial and ventricular epicardium were not influenced by KCl introduced into the ventricular cavity when the endocardial electrograms were abolished (Fig.  5 ). In these experiments, maximal intracavity KCl levels reached 36, 62, and 157 mEq/liter, respectively, after the final, highest dose of KCl. Even at these high K + concentrations, endocardial electrograms from noninfarcted ventricular muscle displayed only minor changes in amplitude and configuration and were never abolished. Also there were electrogram (IZPF) amplitudes; the electrograms from each of the four experiments are plotted separately for clarity, and different symbols (circles, triangles, squares, and x's) are used for electrograms from different experiments. Panel B shows ventricular muscle electrograms (NZVM). Symbols with the same shape in A and B are obtained from the same experiment. The onset of electrophysiological effects of K + in the atrioventricular electrogram determines zero time. The Purkinje electrograms persisted after KCl injection without significant change in amplitude, as shown in A. Six of the seven noninfarcted zone electrograms were abolished by 3 seconds and the seventh by 8 seconds, as shown in B. Changes in electrogram amplitude that occurred during the control period (-5 to 0 second) in B are characteristic of arrhythmic hearts, where beat-to-beat variations of impulse initiation and conduction occur. Classification of the response: * Electrogram persisted more than 15 seconds after the onset of KCl effects on atnoventricular electrogram electrical activity. There was little or no decrease in amplitude at 15 seconds.
t Electrogram persisted until at least 15 seconds after the onset of KCl effects. There was a definite decrease in amplitude by 5 seconds.
% Electrogram abolished in less than 10 seconds after the onset of KCl effects. There was a definite decrease in amplitude by 3 seconds.
§ One heart in the 3-day and one heart in the 6-day group arrested (became quiescent) soon after KCl injection. At the time of arrest, the electrograms were not depressed. no changes in rhythm or rate after intracavity KCl. All hearts were in ventricular rhythm throughout the study period.
Hearts with 24-Hour Infarcts
Eight noninfarcted zone ventricular muscle electrograms were recorded in seven experiments. One of the left ventricular free wall electrograms included a Purkinje spike in addition to the ventricular muscle deflection. Nineteen electrograms were recorded from the endocardial surface of the infarcts. Intracoronary injection of 2.5 mEq of KCl abolished all eight of the noninfarcted zone ventricular muscle electrograms within 1.7 to 4.6 seconds after onset of the KCl effect (Figs. 6, 7) . The normal Purkinje electrogram was abolished by 1.9 seconds (Fig. 7B) .
The responses of the Purkinje fiber electrograms recorded from the endocardial surface of the infarcts to the intracoronary KCl were variable (Fig.  6, 7) . One of these electrograms (shown in Fig. 6 ) was definitely not affected by KCl (Fig. 6 ). Three Purkinje electrograms were only slightly affected by KCl, their amplitudes decreased by less than 10%, and electrical activity persisted for the entire observation period (about 40 seconds). The amplitudes of six other Purkinje fiber electrograms were decreased by more than 20% within 5 seconds, but these depressed electrograms also persisted for more than 40 seconds. Finally, the remaining nine Purkinje electrograms were depressed and abolished with a time course similar to that seen at noninfarcted sites (within 5-10 seconds) ( Table 2) .
In three of these 24-hour preparations which initially had ventricular tachycardia, local rhythmic activity still occurred at some of the Purkinje fiber recording sites overlying the infarct after intracoronary K + had completely abolished local electrical activity at noninfarcted endocardial sites and when an atrioventricular electrogram no longer could be detected. In one of the three experiments, the cycle length of the Purkinje fiber activity after KCl injection did not change from control; in the two others, the cycle length decreased by 50-60%. We also administered KCl into the ventricular cavity of four hearts with 24-hour infarcts. The amplitudes of the six infarct zone Purkinje fiber electrograms studied were depressed by K + concentrations of 11.2 ± 3.5 mEq/liter and were completely abolished when K + concentration reached 23.1 ± 11.4 mEq/liter. This concentration did not affect normal zone ventricular muscle electrograms. Electrograms recorded from the atrial and ventricular epicardium were not influenced by the intracavity KCl.
Intracavity KCl also affected the rate and/or rhythm of the 24-hour infarcted hearts. In three of 5 Effects of a graded increase in intracavity K + concentration on subendocardial electrograms in a heart with a 6-hour infarct. The format is the same as in Figure 2 , except that a right ventricular epicardial electrogram (RVE) is also shown. In the control panel at the left, K * concentration of blood in the left ventricular cavity is 4 mEq/ liter. The panels to the right show electrograms recorded after K* m the cavity blood was increased to 7.5, 11.5, 17.2, and 21.5 
Hearts with 3-Day, 6-Day, and 4-Week Infarcts
The responses of both normal and infarcted zone electrograms to intracoronary KC1 were essentially the same in all these groups. Noninfarcted zone ventricular muscle electrograms were recorded at eight sites (four hearts) in 3-day infarcts, 13 sites (eight hearts) in 6-day infarcts, and four sites (four hearts) in 4-week infarcts. All electrograms were abolished within 4-7 seconds (Figs. 8, 9) . Three of the electrograms recorded from noninfarcted zones in the 6-day hearts showed Purkinje deflections. The amplitude of these Purkinje fiber electrograms diminished simultaneously with the muscle electrograms and electrical activity was abolished within 4 seconds (Fig. 9B) .
Infarct zone Purkinje fiber electrograms were recorded from 10 sites in the 3-day infarcts, 19 sites in the 6-day infarcts, and five sites in the 4-week infarcts. After KC1 injection, the amplitude of 31 of the 34 electrograms diminished rapidly and electrical activity was abolished within 10 seconds. One electrogram recorded from a 6-day infarct persisted until 17 seconds while the two remaining electrograms, one recorded from a 3-day and the other from a 6-day infarcted heart were not depressed when the hearts arrested at 4-8.5 seconds after onset of the KC1 effect. These results are summarized in Table 2 and representative changes in electrogram amplitudes are shown in Figures 8 and 9 .
KC1 also was injected into the ventricular cavity of three hearts isolated 6 days after coronary ligation, and its effects on five infarcted zone Purkinje deflections and six noninfarct zone electrograms were determined. The amplitude of the infarct zone Purkinje fiber electrograms was depressed at cavity blood K + concentrations of 8.0 ± 0.9 mEq/liter, and electrograms were abolished at 14.5 ± 5.4 mEq/ liter. One Purkinje electrogram was recorded from a noninfarcted zone. This deflection was abolished at an intracavity K + concentration of 21.5 mEq/ liter. Endocardial ventricular muscle electrograms from noninfarcted regions were not altered by intracavity K + concentrations up to 45 mEq/liter. The sinus cycle length and the atrioventricular electrogram did not change significantly at intracavity K + concentrations necessary to abolish infarct zone electrograms.
Discussion
Evaluation of the Experimental Technique
This study was undertaken to determine whether coronary flow to subendocardial Purkinje fibers persisted after coronary occlusion and to investigate the possibility of a change in blood flow to these Purkinje fibers with time after the coronary occlusion. Changes in blood flow to Purkinje fibers might be related to the changes in Purkinje fiber action potentials which occur after occlusion and which cause arrhythmias (Friedman et al., 1973a (Friedman et al., , 1973b Lazzara et al., 1973; Horowitz et al., 1976) . We injected KC1 into the coronary circulation of the isolated, infarcted dog heart and used depression of subendocardial Purkinje fiber electrograms as an indication of the presence of capillary blood flow to this region. KC1 was used because the electrical activity of Purkinje fibers and ventricular muscle is depressed by increases in extracellular K + concentration . These elec- VOL. 44, No. 3, MARCH 1979 trical effects of K + are rapidly and completely reversible.
DAY INFARCTED HEART
KCl
The isolated, perfused heart offers several advantages over the in situ heart for the purpose of our study. First, in the isolated heart, continued coronary perfusion with warm blood from the support dog could be maintained during asystole and fibrillation following KCl, allowing complete recovery of the heart from the effects of KCl. Thus, repeated KCl injections could be performed. Second, in the isolated preparation, the concentration of K + in the blood perfusing the coronary vasculature could be increased to 50-100 mEq/liter while simultaneously maintaining the left ventricular cavity blood K + concentration at normal levels. This was important because, if the K + levels in the left ventricular cavity blood quickly increased (as they would in the in situ heart), this increase might affect the infarct zone Purkinje fiber electrogram, whether or not coronary blood flow was present. Third, because the isolated heart does not eject its left ventricular content into the aorta, it was possible to raise intracavity K + concentration without altering the K + concentration of the coronary blood. Thus, the effects of elevated intracavity K + on the electrograms recorded from the infarct zone Purkinje fibers could be determined. The last advantage of the isolated preparation is that the coronary perfusion pressure in each experiment could be controlled, allowing injection of the bolus of KCl at the same pressure in each heart.
The pattern of coronary blood flow in the isolated heart preparation probably differs from the coro-nary blood flow pattern in vivo, but this should not have influenced our results. Because it provides no cardiac output and has much lower systolic intraventricular pressure, the isolated heart should have lower systolic intramyocardial pressure and wall tension than the in situ heart. Since the subendocardial region is influenced most by the compressive resistance during systole (Baird et al., 1970; Baird and Ameli, 1971; Baird et al., 1972; Downey and Kirk, 1974; Downey et al., 1974b; Snyder et al., 1975) , these infarcted hearts may have had higher blood flow through the subendocardial Purkinje network after they were isolated. Nevertheless, an overestimation of subendocardial blood flow would not invalidate our findings of absent or reduced blood flow in the 6-hour infarct group, and the return of flow with time.
Isolation and perfusion of the heart per se does not appear to alter its electrophysiological characteristics significantly. Hearts isolated from dogs with 6-and 24-hour infarcts which were arrhythmic in situ maintained their ectopic activity. The increased frequency of premature ventricular depolarizations after isolation of 6-hour infarcted hearts probably was due to a slowing of the sinus rate because of the removal of sympathetic influences, and not due to any change in ventricular pacemaker activity. Hearts from 6-day and 4-week infarct groups were in sinus rhythm with similar cycle lengths before and after isolation. In addition, Purkinje fiber electrograms recorded in the isolated heart had configurations that were very similar to those recorded from infarct zones of in situ hearts 24 hours after coronary ligation (Cox et al., 1973; Friedman et al., 1973; Scherlag et al., 1974; Horowitz et al., 1976) .
Effects of Intracoronary KCl on Subendocardial Electrograms
The amplitudes of Purkinje fiber and ventricular muscle electrograms recorded from the endocardia! surfaces of noninfarcted zones of the left ventricle always diminished rapidly following injection of 2.5 mEq of KCl into the coronary circulation, and this local activity was abolished within 10 seconds. The disappearance of the electrogram did not result from cardiac arrest. Often, depressed electrical activity occurred in the atrioventricular electrograms after local activity in the subendocardial electrograms had disappeared. Furthermore, the gradual reduction of local electrogram amplitude from one beat to the next indicated that this was an effect of the KCl. Noninfarcted regions presumably had a normal blood flow, and, therefore, the KCl was rapidly delivered to all of the recording sites through the coronary circulation, resulting in this rapid effect on electrical activity.
In contrast to the response in noninfarcted areas, 18 of the 20 Purkinje fiber electrograms recorded from the infarcted zones of hearts isolated 6 hours after coronary occlusion were not significantly altered by intracoronary K + (Table 2 ). Blood flow to these recording sites must have been either absent or so reduced that it was insufficient to deliver enough K + to exert an electrophysiological effect. Injection of KCl into the left ventricular cavity of these hearts depressed and abolished the infarct zone Purkinje fiber electrograms when K + concentrations of 10-15 mEq/liter were attained, demonstrating that these Purkinje fibers were normally sensitive to elevated K + concentrations.
The amplitude of electrograms recorded from many Purkinje fibers in 24-hour infarcts was depressed by intracoronary KCl, but this occurred over a longer time period (Fig. 7) . Some electrograms persisted for the duration of the observation period, while others were finally abolished. This sluggish response suggests some coronary perfusion of these recording sites, in contrast to the absence of effects at most of the recording sites in 6-hour infarcts. Also, in contrast to the 6-hour infarcts, some 24-hour infarct zone electrograms were rapidly depressed after intracoronary KCl, indicating that blood flow to these sites was normal, or nearly so. The depressant effect of intracavity KCl on Purkinje fiber electrograms in 24-hour infarcts also showed that the sluggish response of some of the electrograms to intracoronary KCl was not caused by a decreased sensitivity of these fibers to K + .
Although KCl injected into the left ventricular cavity abolished electrograms of Purkinje fibers, it did not alter the electrograms recorded from noninfarcted ventricular muscle. The ventricular muscle from which these electrograms were recorded probably was located up to several millimeters beneath the endocardial surface and had a normal coronary blood supply. Both these factors may have prevented a significant increase in local extracellular K + concentration after intracavity KCl injection.
Infarct zone Purkinje fiber electrograms recorded from hearts with 3-day, 6-day, and 4-week infarcts were rapidly depressed by intracoronary KCl. Thus, blood flow to these sites seemed to be improved further, and might have been nearly normal. It should be noted that in the 6-day infarcted hearts, intracoronary KC1 abolished the infarct zone electrograms without elevating left ventricular cavity blood K + concentration. Thus, in these hearts with older infarcts, the prompt response to KC1 must be due to adequate delivery of K + through the coronary circulation, and not through some alternate route via the ventricular cavity.
The high concentrations of K + in the coronary circulation did have pronounced effects on the coronary vasculature-an initial 10-to 20-second vasconstriction (the pressor phase) was followed by a 45-to 120-second vasodilation (the depressor phase). The KC1 effects on the electrograms occurred during the pressor phase, which was similar in all groups of infarcted hearts. The vasoconstriction might have redistributed coronary flow to favor the less well-perfused areas because well-perfused regions receiving KC1 promptly may have been intensely constricted. It is thus possible that flow to the infarcted subendocardial zones would be overestimated because of this shunting. On the other hand, the collateral vessels, during the early hours of development after infarction, may be dilated. How these vessels might react to KC1 is not known. If the collaterals are more intensely constricted, coronary flow to the infarct zone might be underestimated instead. Thus, we realize that while effects of KC1 on the Purkinje fiber electrogram afford a sensitive indication of the presence of capillary blood, our methods do not allow any quantification of blood flow to the infarcted zone.
Therefore, our data suggest that coronary blood flow is greatly reduced or absent to viable subendocardial Purkinje fibers in infarcted regions of the canine heart 6 hours after coronary artery ligation. Coronary blood flow to Purkinje fibers increases later in the course of infarct development, and blood flow to the subendocardial Purkinje fibers appears to be normal between 3 and 6 days after coronary occlusion. The time course for the increase in blood flow to Purkinje fibers in the infarcts in our study is the same as the increase in collateral blood flow to epicardial and peripheral regions of infarcts as determined by microsphere and other techniques (Pasyk et al., 1971; Cox et al., 1975; Bishop et al., 1976; Rivas et al., 1976; Schaper and Pasyk, 1976 ). However, these other studies did not show an increase in blood flow to the subendocardial regions until after 4 days. Since the surviving Purkinje fibers constitute a miniscule portion of the total mass of the left ventricle, and since the major portion of the tissue in samples taken from the endocardial ischemic zone for microsphere distribution studies is comprised of necrotic ventricular muscle, microsphere techniques probably cannot detect flow changes to the subendocardial Purkinje fiber alone. Also, before collateral circulation reaches the capillaries around the infarct zone Purkinje fibers, it may have to traverse micro vascular anastomoses (Levy et al., 1961; Cibulski et al., 1972; Downey et al., 1974a) with luminal dimensions smaller than the diameter of the microspheres. The microspheres may be trapped preferentially on the periphery of the infarct, and only rarely penetrate to the central core. The delivery of potassium to these central infarcted areas through this same microvascular network would not be encumbered.
Possible Relationship between Changes in Blood Flow to Purkinje Fibers and the Development and Disappearance of the Delayed Phase of Ventricular Arrhythmias
Since Purkinje fibers appear to receive no blood supply from the coronary arteries during the initial hours after coronary artery occlusion, their viability must be maintained by oxygen and nutrients which they receive from the blood in the ventricular cavity. The changes in the Purkinje fiber action potentials that cause some of the delayed ventricular arrhythmias (Friedman et al., 1973a (Friedman et al., , 1973b Lazzara et al., 1973 Lazzara et al., , 1974 may occur because cavity blood alone is not sufficient for these fibers to maintain normal electrophysiological properties; the Purkinje fibers may be ischemic. The subsequent improvement in coronary flow may then result in the gradual return of Purkinje fiber action potentials toward normal and the disappearance of the arrhythmias.
Some of our data also suggest that the Purkinje fibers are not the only sites where the late ventricular arrhythmias originate. In the 6-hour infarcted hearts, intracavity KC1 depolarized subendocardial Purkinje fibers but did not alter the ectopic ventricular rate or rhythm as would be expected if the arrhythmia arose in these cells alone. It is likely that at 6 hours, arrhythmias might arise in deeper fibers in the infarct or on its borders where the intracavity KC1 cannot penetrate. The site of origin of ectopic activity at 6 hours, wherever it may be, is probably in electrophysiological continuity with the subendocardial Purkinje fibers, but not accessible to either the coronary or cavity blood supply.
Intracavity KC1 in 24-hour infarcts did significantly prolong the cycle length of the ectopic ventricular activity, even though it did not enter the coronary circulation. However, after intracavity KC1, sinus rhythm was restored in only one of the three hearts studied. Therefore, at 24 hours, other sites of origin of ventricular ectopic beats not adjacent to the cavity and not accessible to the intracavity KC1 may also exist. In agreement with this is Scherlag's observation (1974) that some of the ventricular arrhythmias which occur 24 hours after coronary occlusion may arise in ventricular muscle on the epicardial surface of the infarct.
